A research project on comparative international studies of osteoporosis using isotope techniques was organized by the International Atomic Energy Agency (IAEA) with the participation of 12 countries (South Africa, Turkey, and the United Kingdom). Participating centers in 11 countries (all but the UK) made measurements and collected data on men and women aged 15 to 49 years. In addition to studies of bone mineral density (BMD) at the femoral neck and lumbar spine using DEXA, anthropometric, lifestyle, and nutritional data were also collected. The results of the nutritional studies are reviewed in this paper. Overall, about 8% of the observed variability in spine BMD could be attributed to nutritional factors in men and women; in men, no such relationship could be determined. No single nutritional component (not even calcium) stood out as being of particular importance across all participating centers.
Introduction
Osteoporosis is a crippling bone disease characterized by loss of bone tissue from the skeleton, which in turn leads to an increase in bone fragility and propensity to fracture under minimal trauma. More than 200 million people (mainly, but not only, post-menopausal women) are thought to be affected worldwide. International comparisons are usually made not on the basis of osteoporosis incidence per se but rather by using hipfracture rates and/or measurements of bone mineral density (BMD) as proxies. Approximately 1.7 million hip fractures occur worldwide each year, and this incidence is expected to increase fourfold by 2050 because of the increasing numbers of older people [1] .
It is now widely recognized that the causes of osteoporosis are multifactorial in nature and that there are wide variations in incidence across different populations. However, much work still remains to be done to quantify the differences in incidence and to "unravel" some of the contributing factors.
In 1994 the IAEA started a coordinated research project on this subject with the participation of the 12 countries-Brazil, Canada, Chile, China, Croatia, Hungary, Philippines, Russia, Singapore, South Africa, Turkey, and the United Kingdom. The UK participant served as a central reference laboratory with responsibilities for quality control and data evaluation.
The main objectives of the project were: » To make comparative measurements of bone mineral density (BMD) of selected human subjects (young adults) in different parts of the world (having different geographical, cultural, and ethnic backgrounds), » To determine the age range over which peak BMD is achieved and sustained, » To collate and evaluate the BMD data in relation to gender, nutrition, and lifestyle factors, 
Methods

Subject recruitment
The study protocol specified a target of enrolling 350 subjects at each center, with each cohort stratified equally by sex and age into seven 5-year age bands. Only a few centers had access to local population-based registers to select a population-based random sample so that the selection of participants varied between centers. Most used local university or hospital staff, and friends or relatives of hospital attendees. All centers excluded subjects with a longer than three month history of chronic disease affecting bone metabolism such as renal failure, hepatic failure, gastrointestinal disease, primary hyperparathyroidism, Paget's disease of bone, or thyroid disease. Other exclusion criteria included a history of hormone supplementation (such as estrogen or corticosteroids), pregnancy or lactation, previous low energy fracture, prolonged immobilization (more than 1 month), and over-exposure to toxic metals or irradiation.
Subject characterization
Each center interviewed subjects for approximately one hour using a modified version of the World Health Organization (WHO) osteoporosis questionnaire. Information sought included age, socio-demographic status, ethnicity, fracture history (both in the subject and their family), tobacco use, reproductive history (females only), physical activity, diet, and hormone use (especially estrogen).
Assessment of bone mineral density
Each center measured BMD using either Hologic (Bedford, Mass., USA) or Lunar (Madison, Wisc., USA) densitometry machines. Cape Town, Santiago, Sao Paulo, Shanghai, and Toronto used Hologic scanners while Ankara, Beijing, Debrecen, Manila, Moscow, Obninsk, Singapore and Zagreb used Lunar machines. Known systematic differences between the scanner types were taken into account in the study design with crosscalibration and standardization of BMD derived from all the equipment using a so-called "European Spine Phantom" (ESP). Calculations were performed using regression analysis of the ESP measurements based on an exponential model. The values of standardized BMD thus generated are referred to here as sBMD.
Anteroposterior sBMD of the lumbar spine (L2-4) and the femoral neck were the primary values used for comparison between centers as these sites were assessed by both makes of scanning equipment. This methodology and the results obtained will be described in more detail in a subsequent publication.
Dietary evaluation
As part of the "subject evaluation" mentioned above, the subjects were also questioned regarding daily consumption of meat, fish, vegetables, and dairy products. Since this was not a mandatory part of the project, only five centers (Beijing, Debrecen, Manila, Shanghai, and Singapore) were able to provide sufficient information for further detailed evaluation. From the information provided, and using locally applicable food composition tables, average daily intakes of protein (g), carbohydrate (g), fat (g), energy (kcal), and calcium (mg) were calculated for all except Singapore, which recorded calcium intake only. Most of the nutritional evaluation presented in this paper is based on these data. However, for the discussion on calcium, additional literature was drawn upon.
Bone composition studies
A supplementary project conducted with bone (iliac crest, femoral neck, and rib) samples collected from four countries (Brazil, China, Russia, and Turkey) was concerned with trace and other nutritional elements that may play a role in bone health (including calcium, fluorine, iron, potassium, magnesium, manganese, sodium, phosphorus, strontium and zinc). A standardized protocol was devised for the separation of the samples into cortical and trabecular components and their preparation for analysis (mainly by neutron activation).
Results
Bone mineral density (BMD)
A total of 5,950 subjects were enrolled in the study (2,073 men and 3,877 women, M:F = 1:1.9); China and Russia were both represented by two different cities. Sample sizes ranged from 137 in Obninsk to 1,323 in Cape Town. Extreme statistical outliers for anthropometry, bone mineral density, and diet were identified using a box and whisker plot and these subjects (77 in all; 1.3% of the sample) were excluded from further analysis.
The details of the BMD results will be described in a subsequent publication. However, figures 1 and 2 are illustrative of the results obtained. There was no consistent pattern of behavior of sBMD with respect to age ( fig.1 ). Across the whole study population, highly significant (p < .001) differences in sBMD were observed between the sexes at both skeletal sites, and also between many of the centers (fig. 2 ). In regression models, approximately 12% to 20% of the global variation in sBMD was found to be explained by anthropomorphic differences while a further 4% to10% was accounted for by the country of origin.
Multivariate nutritional evaluation
Four of the centers (Beijing, Debrecen, Manila, and Shanghai) provided sufficient information for multivariate statistical evaluation of the sBMD data using anthropometry (age, height, weight) and proximate nutrients (energy, protein, fat, carbohydrate, and calcium) as independent variables. As in the overall regression analyses, anthropomorphic indices and the center of origin accounted for about one-fourth of the variability in spine sBMD (29.8% in men and 22.6% in women). Table 1 illustrates the results obtained when the nutrition variables were entered into the model (nutritional components are shaded). Men and women behaved differently in the sense that nutrient intake contributes at least in part to the variability of BMD across centers in men but not in women. In men, some of the dietary components had small but statistically independent influences on spine sBMD and determined a further 8% of its variability (R 2 for the model is 30%). Similar effects were seen at the femoral neck where nutritional components increased the model R 2 by 1% in men, but had no impact on the R 2 in women.
This kind of evaluation emphasizes differences between centers. Within individual centers, most of these differences disappear. One exception is the case of calcium in Shanghai men ( fig. 3 ). This was the only set of results that showed a significant correlation between sBMD and calcium intake.
Single nutrient evaluation (with emphasis on calcium)
Five of the centers (Beijing, Debrecen, Manila, Shanghai, and Singapore) provided sufficient information for evaluation of calcium intakes in individual subjects included in the study of BMD. Figure 4 illustrates the results obtained. It is apparent that the single European country in this group (Hungary) has much higher intakes than the four Asian countries.
To permit an evaluation of the relationship between calcium intakes and sBMDs for all of the centers included in this project, typical calcium intake data Beijing is the reference center as it has the highest mean values for spine sBMD (1.092 ± 0.149 g/cm 2 and 1.093 ± 0.108 g/cm 2 for men and women, respectively). B, slope; NS, not significant. were drawn from the literature; i.e., for the five centers mentioned above, actual mean values were used; otherwise, literature values were used [2] . Figure 5 illustrates the results obtained. The regression lines do not show significant correlations. None of the other major nutritional components (protein, fat, carbohydrate, energy) when treated as single independent variables showed any significant relationships with sBMD. Similarly, none of the other nutritional components reported by some centers (e.g., sodium, magnesium, copper, zinc) revealed any interesting relationships.
Bone analysis data
Four countries (Brazil, China, Russia, and Turkey) conducted studies on bone samples (mainly iliac crest) collected from apparently healthy victims of sudden death (mostly traffic accidents). Results were reported for more than 30 elements including most of the trace and other nutritional elements that are thought to play a role in bone health (including calcium, fluorine, iron, potassium, magnesium, manganese, sodium, phosphorus, strontium, and zinc).
This work will be reported in detail in a subsequent publication. Suffice it to say here that the values [3] . Unfortunately, nothing of significance was found that throws any new light on the possible role of these elements in relation to osteoporosis.
Discussion
Because calcium is a major bone-forming mineral, it has long been assumed that primary or secondary calcium deficiency must, in some way, underlie osteoporosis and fracture risk. It is also well known that normal dietary intakes of calcium vary significantly from one population to another. Relevant data for adult population groups taken from a global IAEA database have a range from 210 to 1,650 mg/day [2, 4] . Putting these facts together one might suppose that differences in calcium intake should be the major reason for the differences in osteoporosis risk between different countries, and for the significant differences in sBMD observed in this IAEA project.
Unfortunately, things are not so simple. This study now adds to the growing body of evidence (e.g., [5] ) that there is no clear relationship between calcium intake and bone strength. As suggested recently by Nordin [6] it is beginning to appear that calcium requirements must be understood on a sliding scale. There is no single, universal calcium requirement, only a requirement linked to the intake of other nutrients.
This conclusion strengthens the understanding that osteoporosis is a multifactorial disease. At the time that this IAEA project started in 1994, a list of risk factors was drawn up by the participants and consultants (table 2). The simple fact that so many different factors are involved makes it exceedingly difficult to design a study in free-living populations that can identify the effects of any one of them treated as a single independent variable.
However, this should not be interpreted as saying that nutrition is if no significance for osteoporosis. Obviously, nutritional recommendations for the delivery and maintenance of good bone health must include attention to all of the nutritional factors that, on the basis of evidence from clinical, biochemical, and animal studies, are known to play an important role. There is no reason yet to downplay the significance of any of the nutritional factors listed in table 2. 
